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Edited by Ulf-Ingo Flu¨ggeAbstract High mobility group (HMG) proteins are usually con-
sidered ubiquitous components of the eukaryotic chromatin.
Using HMG gene promoter-GUS reporter gene fusions we have
examined the expression of the reporter gene in transgenic Ara-
bidopsis plants. These experiments have revealed that the diﬀer-
ent HMGA and HMGB promoters display overlapping patterns
of activity, but they also show tissue- and developmental stage-
speciﬁc diﬀerences. Moreover, leader introns that are present
in some of the HMGB genes can modulate reporter gene expres-
sion. The diﬀerential HMG gene expression supports the view
that the various HMG proteins serve partially diﬀerent architec-
tural functions in plant chromatin.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Leader intron1. Introduction
The chromatin-associated high mobility group (HMG) pro-
teins are relatively abundant non-histone proteins that gener-
ally modulate chromatin structure and that act as
architectural factors in the assembly of nucleoprotein com-
plexes regulating DNA-dependent processes including tran-
scription [1–3]. In plants, members of the HMGA and
HMGB families have been identiﬁed. Depending on the spe-
cies, plants encode one or two HMGA proteins consisting of
an N-terminal domain with similarity to the globular domain
of linker histones and a C-terminal domain containing four
AT-hook motifs. Mediated by the AT-hooks, HMGA proteins
interact with A/T-rich stretches of DNA, four-way junction
DNA and nucleosomes [4,5]. Higher plants express several
chromosomal HMGB proteins, which contain a central
HMG-box domain that is ﬂanked by a basic N-terminal and
an acidic C-terminal domain [4]. The plant HMGB proteins
are structurally variable, and they diﬀer from each other in
their chromatin association, in their post-translational modiﬁ-Abbreviations: HMG, high mobility group; GUS, b glucuronidase
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doi:10.1016/j.febslet.2007.02.015cations and in some of their DNA interactions. Plant HMGB
proteins bind DNA non-sequence-speciﬁcally, but they recog-
nise certain DNA structures and can severely bend the DNA
[4].
The expression of plant HMG genes has been demonstrated
in various tissues by northern and western blot analyses. The
HMGA genes appear to be expressed ubiquitously [6–9], but
the HMGA expression levels vary between diﬀerent tissues.
Similarly, expression of the HMGB genes has been detected
in various tissues [10–12], but the members of the HMGB fam-
ily that simultaneously occur in the same tissue appear to be of
very diﬀerent abundance [13]. Since the expression of theHMG
genes has not been studied systematically and in most cases
only individual HMG genes have been analysed per species,
we have examined the expression pattern of the single HMGA
and various HMGB genes in Arabidopsis.2. Materials and methods
2.1. Plasmid construction
By digesting the plasmid pGreen(p35S-2) [14] with EcoRV, the cas-
sette comprising the cauliﬂower mosaic virus 35S promoter (P35S) and
terminator (T35S) was obtained and inserted into the plasmid
pGII0179 [14] digested with StuI/EcoRV (placing T35S close to the
right border). From this plasmid, P35S was deleted by HindIII diges-
tion and religation giving pGII0179-T35S. The uidA gene (encoding
GUS) was obtained by digesting plasmid pFF19G [15] with PstI. After
treatment with T4 DNA polymerase, uidA was inserted into SmaI di-
gested pGII0179-T35S giving pGII0179-uidA-T35S. To study the
expression pattern of the HMG genes, the GUS reporter gene of
pGII0179-T35S was placed under control of various HMG gene up-
stream sequences. The HMG gene regions (indicated in Fig. 1A) were
ampliﬁed by PCR (generating terminal restriction enzyme recognition
sites) using genomic Arabidopsis Col-0 DNA and Pfu DNA polymer-
ase (MBI Fermentas). The PCR fragments were inserted in front of
the uidA gene using the HindIII/BamHI, SmaI/BamHI or KpnI/BamHI
sites. For theHMGB1 andHMGB3 genes, constructs with and without
a leader intron were generated. For this purpose, the uidA-T35S se-
quence was obtained by digestion of pFF19G with SmaI/EcoRI and
inserted into the plasmid pCAMBIA3300 digested with EcoRV/EcoRI
giving pCAMBIA3300-uidA-T35S. The HMG gene regions were
ampliﬁed as above and inserted into HindIII/BamHI-digested pCAM-
BIA3300-uidA-T35S. The sequences of the used primers are listed in
the supplementary ﬁgure. All plasmid constructs were conﬁrmed by
DNA sequencing.2.2. GUS assays in transiently transformed protoplasts
Protoplasts of dark-grown Arabidopsis suspension cells [16] were
transiently transformed using PEG-mediated transformation as previ-
ously described [17]. b Glucuronidase (GUS) activity of transformed
protoplasts was determined by a colorimetric assay using p-nitro-
phenyl-b-D-glucuronide as substrate [18].blished by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic representation of the analysed HMG gene upstream
sequences and transient protoplast transformation assays. (A) The
HMG gene upstream sequences used in this study to drive the
expression of the GUS reporter gene. The sequences start upstream
(1) of the translational start codon and span the entire upstream
region (delineating DNA sequence positions are indicated) to the
neighbouring gene (http://www.arabidopsis.org), except for HMGB6,
for which (in view of the large intergenic region) we have used the
sequence 1 to 2097. In HMGB1Dli and HMGB3Dli leader intron
sequences have been deleted. (B) Transient protoplast transformation
assays analysing the eﬀect of leader intron sequences on GUS reporter
gene expression. The columns of the histogram represent mean values
of GUS activity of three independent experiments, and the activity of
the complete HMGB1 gene upstream sequence was deﬁned as 100%
and used for normalisation between experiments.
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histochemical GUS staining
The diﬀerent HMG promoter-GUS reporter constructs were used to
transform Arabidopsis Col-0 plants by Agrobacterium-mediated trans-
formation using the ﬂoral dip method as previously described [19]. T3
plants of three independent transformed lines were analysed for each
construct by histochemical staining for GUS activity [20]. Microscopy
was done using a Leica MZ125 stereomicroscope equipped with a Lei-
ca DC200 camera.3. Results and discussion
3.1. Leader introns modulate the expression HMGB promoter-
GUS reporter gene fusions
Since the expression pattern of plant HMGA and HMGB
genes has not been studied systematically, we have constructed
a series of Arabidopsis HMG gene promoter-GUS reporter
gene fusions (Fig. 1A). In the Arabidopsis HMGB1–HMGB5genes, a leader intron is found 8–10 bp upstream of the trans-
lational start codon, whereas there is no leader intron in the
genes encoding HMGB6 and other HMGB-type proteins
[21,22]. Intron sequences can inﬂuence gene expression in var-
ious ways [23], and leader introns have been shown to modu-
late plant gene expression [24,25]. Therefore, we have
constructed promoter-reporter fusions for the HMGB1 and
HMGB3 genes with and without the leader intron (Fig. 1A)
to examine a possible eﬀect of the intron on reporter gene
expression. The GUS expression of the reporter constructs
with and without the leader intron sequences initially was
tested in transient transformation assays in Arabidopsis sus-
pension cell protoplasts. Protein extracts of the transformed
protoplasts were examined for GUS enzyme activity using a
colorimetric assay. This experiment revealed that the HMGB3
promoter is more potent than the HMGB1 promoter in pro-
moting GUS expression (Fig. 1B). Moreover, removal of the
HMGB1 leader intron has a positive eﬀect on the GUS expres-
sion, whereas removal of the HMGB3 leader intron negatively
inﬂuenced GUS expression. Therefore, in the protoplast sys-
tem the leader intron sequences display diﬀerent quantitative
eﬀects on the expression of the reporter gene. The HMG pro-
moter-GUS reporter constructs were also introduced by Agro-
bacterium-mediated transformation into the genome of
Arabidopsis plants. T3 plants of three independent transgenic
lines were analysed for each construct by histochemical stain-
ing for GUS activity. In some tissues, the deletion of the
HMGB leader intron altered the expression of the reporter
gene relative to the construct containing the full-length up-
stream sequence. The most striking eﬀects of the leader introns
were observed in the root system and/or in the cotyledons.
Thus, seedlings carrying the construct lacking the HMGB1 lea-
der intron display clearly enhanced GUS staining in lateral
roots and root tips, while removal of the HMGB3 intron did
not signiﬁcantly alter GUS expression in the roots (Fig. 2A).
Deletion of both the HMGB1 and HMGB3 leader intron re-
sulted in decreased GUS expression in the cotyledons of 9-
day-old seedlings (Fig. 2A), while no diﬀerence is detected in
the cotyledons of 15-day-old seedlings (data not shown).
Therefore, the leader introns found at a conserved position
in the Arabidopsis HMGB1–HMGB5 genes [21] may contrib-
ute to the proper expression of this class of HMGB genes.
Other plant leader intron sequences have been demonstrated
to markedly inﬂuence gene expression. Thus, in various plants,
leader introns have been reported to cause both up- and/or
down-regulation of gene expression in a tissue-speciﬁc manner
[25–29].3.2. Expression pattern of HMGA and HMGB genes
Similarly, transgenic Arabidopsis lines carrying constructs in
which diﬀerent HMG gene promoters drive the expression of
the GUS reporter gene, were examined for their expression pat-
tern. Generally, it appears that the HMG gene promoters dis-
play a widespread activity in Arabidopsis seedlings, but there
are distinct diﬀerences between the analysed promoters in cer-
tain tissues. In rosette leaves all tested promoters drive expres-
sion of the GUS reporter gene, but the observed expression
level is signiﬁcantly lower with the HMGA and HMGB6 pro-
moters, when compared with the other HMG promoters
(Fig. 2B). Clear diﬀerences in promoter activity are seen in
the root system. The HMGB1 promoter and to a lesser extent
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Fig. 2. Histochemical staining for GUS activity of transgenic plants expressing the GUS gene under control of various HMG gene promoter regions.
(A) Lateral roots of 15 d seedlings (top row) and cotyledons of 9 d seedlings (bottom row), expressing the GUS gene under control of the HMGB1
and HMGB3 gene upstream regions either including (HMGB1, HMGB3) the leader intron, or with the leader intron deleted (HMGB1Dli,
HMGB3Dli). (B–E) GUS gene expressed under control of the promoter regions of various HMG genes (HMGA, HMGB1, HMGB2, HMGB3,
HMGB5, HMGB6). (B) Rosette leaves of 15 d seedlings. (C) Roots of 15 d seedlings. The primary root is indicated by arrows, and tips of primary
roots are shown in more detail. (D) The hypocotyl/root transition zone (indicated by a bracket) of 3 d seedlings. (E) Flowers with the ﬂoral organs
mentioned in the text (se, sepal; ov, ovary; st, style; ﬁ, ﬁlament; pe, pedicel) indicated in the ﬁrst panel.
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no GUS expression is observed with the otherHMG promoters
(Fig. 2C). In lateral roots, all HMG promoters confer GUS
expression, which is most prominent with the HMGB1 pro-
moter. In root tips, the HMGA, HMGB2 and HMGB5 pro-
moters confer stronger GUS expression than the other tested
HMG promoters (Fig. 2C). Using the HMGB2 and HMGB5
promoters marked GUS staining occurs in the hypocotyl/
root-transition zone, whereas the other HMG promoters ap-
pear to be inactive in this region (Fig. 2D). A number of diﬀer-ences in the activities of the HMG gene promoters is seen in
diﬀerent ﬂoral organs. In the sepals, strong GUS staining is
observed for the HMGB1, HMGB2 and HMGB5 promoters,
while less GUS staining is detected with the HMGA, HMGB3
and HMGB6 promoters (Fig. 2E). In the ﬁlaments of the an-
thers GUS expression occurs with all HMG promoter-GUS fu-
sions, but expression is strongest with the HMGB2 and
HMGB5 promoter. Weak GUS staining of the ovary is found
with the HMGA, HMGB1 and HMGB2, while the generally
weak HMGB6 promoter displays its strongest activity in this
Table 1
Diﬀerential expression of HMG genes in various Arabidopsis tissues
Tissuea HMGA HMGB1 HMGB2 HMGB3 HMGB5 HMGB6
Cotyledon + +++ +++ ++ + +
Leaf ++ +++ +++ +++ +++ +
Hyp/root trans   +++  ++ 
Root
Primary  ++ +   
Lateral ++ +++ ++ ++ ++ +
Tip ++ + +++ + ++ +
Flower
Sepal + +++ +++ ++ +++ +
Filament ++ +++ ++++ ++ ++++ +
Ovary + + +   ++
Style +++ ++ +++ +++ ++++ 
Pedicel     ++++ +
aListed are the examined tissues in which diﬀerential expression of the HMG promoter-GUS reporter gene fusions was observed. All tissues (except
the ﬂowers and the hypocotyl/root transition zones) are from 15 d-old seedlings. The number of + symbols indicates the relative expression within
one type of tissue, but the expression levels of diﬀerent tissues are not strictly comparable.
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at the base of the ovary) is detected with the HMGB3 and
HMGB5 promoters. Striking diﬀerences in reporter gene
expression are seen in the style, since strong GUS staining oc-
curs with the HMGA, HMGB2, HMGB3 and HMGB5 pro-
moters, moderate GUS staining is seen with the HMGB1
promoter, and no GUS staining is detected with the HMGB6
promoter (Fig. 2E). In the pedicel, strong GUS activity occurs
with the HMGB5 promoter, weak GUS activity with the
HMGB6 promoter, and hardly any GUS activity is detectable
using the other HMG promoters. Diﬀerences in the expression
pattern that were observed with the diﬀerent HMG gene pro-
moter-GUS fusions are summarised in Table 1. Our data indi-
cate that the HMG genes are widely expressed throughout the
plant, but the diﬀerent HMG genes display to some extent dis-
tinct expression patterns. This is in line with few studies in
which the expression of mammalian HMG genes has been ad-
dressed in some detail, revealing that the HMG genes are not
expressed throughout the organism, and that there appear to
be tissue- and developmental stage-speciﬁc diﬀerences in the
expression level. Thus, in mouse embryos, the expression of
HMGA2 correlates throughout fetal development with high
proliferative activity, while HMGA1 is expressed also in
non-proliferating tissues [30]. In adult mouse brain, HMGB1
is undetectable in most cells, but it is present in a subset of
brain cells during development with a complex temporal and
spatial expression pattern [31].
3.3. Conclusions
The architectural chromatin-associated HMGA and HMGB
proteins are generally considered ubiquitously expressed plant
proteins [4]. The expression of plant HMG genes has been de-
tected previously in various tissues by western and northern
blot analyses [6–13]. Here, we show that the diﬀerent HMG
genes have overlapping expression patterns in Arabidopsis,
but that the HMG gene promoters also display tissue- and
developmental stage-speciﬁc diﬀerences in their activity. There
are various functional diﬀerences between the diﬀerent mem-
bers of the plant HMG protein family including their chroma-
tin-association, intranuclear dynamics, post-translational
modiﬁcations and DNA-binding [4]. This suggests that
HMGA and the various HMGB proteins serve to some extentdistinct functions modulating chromatin structure in plant cell
nuclei. Consistent with this assumption, the HMG genes dis-
play diﬀerences in their expression pattern, which may reﬂect
the diﬀerential requirement for architectural HMG proteins
depending on tissue type and developmental stage.
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